Indian Scintillator Matrix for Reactor Anti-Neutrinos (ISMRAN), a plastic scintillator array (10×10), is being constructed for the purpose of electron anti-neutrino (ν e ) detection for reactor monitoring applications. A prototype detector called mini-ISMRAN, which consists of 16% of ISMRAN, has been setup for studying the detector response, background rates and event characterization in the reactor and non-reactor environment. The data acquisition system based on waveform digitizers is being used for pulse processing and event triggering. Monte-Carlo based simulations using GEANT4 are performed to optimize lead (Pb) and borated polyethylene (BP) shielding for background reduction and to study the positron, neutron and γ-ray response in the ISMRAN detector. Characterization of plastic scintillator detectors with known radioactive sources is performed for energy, timing and position measurements. 
Introduction
Nuclear reactors are the most intense source of anti-neutrinos available today. The electron anti-neutrino (ν e ) flux from a 1.0 GW thermal power output reactor is approximately 10 21 ν e /s. Anti-neutrinos are highly penetrating as their interaction cross section with matter is extremely small. The possibility of monitoring nuclear reactors nonintrusively from a remote location, using the weakly interacting nature of neutrinos and the high reactor flux has been demonstrated before [1] . However, the feasibility of such an exercise with relatively small detectors, ∼1.0 ton liquid scintillator (LS), designed for long-term unmanned operation was established only recently [2] . These detectors have houses a thermal reactor (100MW th ) with a natural uranium core in the form of a cluster of fuel rods. It is a vertical tank type reactor with separate channels of heavy water (D 2 O) used as moderator and coolant. It is designed to provide a high neutron flux ∼10 14 n/cm 2 /s (at the core center), for use in radio-isotope production, neutron activation analysis and testing of neutron detectors. While operating the ISMRAN setup above ground and close to Dhruva reactor core, the detected ν e signal suffers from natural as well as reactor related background sources. A passive shielding of 10 cm lead (Pb) inside followed by 10 cm of borated polyethylene (BP), with 30% boron concentration, outside is being incorporated to reduce these backgrounds. Furthermore, to reduce the background from cosmic muon events an outer layer consisting of 3 cm thick plastic scintillators are used as muon veto detectors.
Detection principle and expected anti-neutrino rate
Reactor anti-neutrinos are primarily detected via the inverse beta decay (IBD) process which has an interaction cross-section of approximately 6 × 10 −43 cm 2 . In this reaction an ν e interacts with a proton to produce a positron and a neutron as follows:
ν e + p → e + + n.
The above process has an energy threshold of 1.806 MeV. The positron, which carries almost all of the energy of the neutrino, loses energy in the scintillator volume through ionization and annihilation with an electron and produces two γ-rays of 0.511 MeV. The signal produced by the positron and the resulting γ-rays provide the prompt event. On the other hand, the neutron which has only a few keVs of energy undergoes thermalization in the detector volume and finally may get captured on either Gd or H nuclei. These thermal neutron captures are more likely to occur on the wrapped Gd foil on the sides of PS bar due to the very high thermal neutron capture cross-section (σ n−capture ) of Gd as compared to that of H.
n + 155 Gd → 156 Gd * → γ s, E γ = 8.5 MeV, σ n−capture = 61000 b,
n + 157 Gd → 158 Gd * → γ s, E γ = 7.9 MeV, σ n−capture = 254000 b.
Neutron capture on Gd leads to a cascade of γ-rays of total energy ∼8 MeV as shown in equations 2 and 3 . In case, the neutron gets captured on a hydrogen nuclei it will produce a mono-energetic γ-ray of 2.2 MeV. The neutron capture followed by emission of γ-ray(s) is more likely to happen after the neutron has thermalized to lower energies and is defined as a delayed event. Electron anti-neutrino events in the detector volume are, therefore, characterized by detection of these prompt and delayed event pairs. The mean time delay between the positron and neutron events can range from ten to hundreds of microsecond depending on the capture agent, its position, and concentration in the scintillator volume.
Electron anti-neutrinos are emitted in the decay chains of fission products of Uranium (U) and Plutonium (Pu)
accompanied by release of energy in the reactor. The nuclei 235 U, 239 Pu, 238 U and 241 Pu together contribute 99.9%
of the total thermal power [27] with major contribution of the emitted ν e coming from the fission of 235 U and 239 Pu isotopes. The rate of interaction of reactor ν e with energies E ν e inside the scintillator volume depends on the ν e spectrum per fission f(E ν e ), the number of free protons N p , detector efficiency η, thermal power P th of the reactor (MW), average energy per fission E f (MeV) released in the reactor core and the distance D (cm) between the detector and center of the core. Hence, the total interaction rate in the detector volume obtained by integrating over energies [1] is given as
where, σ IBD = σ(E ν e )f(E ν e )dN ν e (E ν e ) is the cross section of IBD averaged over the ν e spectrum. The cross-section σ f and energy released E f are usually expressed in terms of the corresponding quantities σ i and E i for the four dominant isotopes, i.e. 235 U, 239 Pu, 238 U and 241 Pu, along with α i as the contribution of each isotope to the total number of fissions.
where α i =1. Thus both the thermal power P th and the contribution from the isotopes to the cross-section ( α i σ i ) are directly reflected in the ν e rate in the detector. For the ISMRAN setup which is at 13 m distance from a 100 MW th reactor the estimated ν e event rate is ∼115 per day. This ν e event rate is calculated using the fission fractions for a typical CANDU reactor [28] assuming a compact core and a 30 % detection efficiency. Monte-Carlo based simulations using GEANT4 [29] (version 4.10.3) are carried out to understand the detector response and shielding effects on the detected ν e events via IBD in ISMRAN. Figure 2 shows the cross-sectional view of 10×10 PS bar detector geometry of ISMRAN setup in GEANT4. The 10 cm lead (Pb) and 10 cm borated polyethylene (BP) shielding around the PS bars is also shown in black and dark gray, respectively. The high precision QGSP BIC HP physics processes for the low energy neutron interactions and standard electromagnetic processes for γ-ray, positron and electron are used in simulation. The QGSP BIC HP list has the G4NeutronHPCapture model which uses the final state method for de-excitation of Gadolinium nucleus to produce γ-ray cascade. Though the final state method in GEANT4 agrees well with the individual γ-ray spectrum from the cascade, it breaks Q-value in low energy events. However, the improvement in the implementation of cascade γ-rays emission model from de-excitation of Gd nucleus has led to better description of the cascade γ-ray spectrum [30] . The energy distribution, number of bars hit (N bars ) and timing information for prompt and delayed events are studied for better understanding of the IBD event characteristics in ISMRAN. An energy threshold, E Th bar > 0.2 MeV, is applied on the deposited energy of each PS bar in simulation, similar to the threshold applied on calibrated energy of each PS bar in reactor environment. This selection of common threshold on calibrated energy of each PS bar, in reactor data, is applied to achieve spectral uniformity among different bars. For simulating the IBD events in ISMRAN, the input energy distribution of ν e to GEANT4 is obtained by using the parameterization of ν e spectrum from reference [14] , the calculation of cross sections from reference [16, 31] and the fission fractions for different isotopes are taken from reference [28] . The vertex position of the IBD events are generated randomly in the ISMRAN detector volume. The daughter products, positron and neutron energies, are obtained using two-body kinematics for each neutrino energy on event by event basis. These generated positron and neutron are then propagated in GEANT4 for studying the response of PS bars in ISMRAN detector that ∼73% of the neutrons are captured on Gd and ∼25% are captured on H. A small fraction of neutrons are captured on Carbon (∼0.5%) and Lead shielding (∼1.0%), while ∼0.5% of all the generated neutrons escape from the setup without getting captured. Neutron capture on Gd will give a cascade of γ-rays up to energies of 8 MeV while that on H will result in a mono-energetic γ-ray of energy 2. Figure 6 : ∆T distribution between prompt and delayed event in ISMRAN using GEANT4 simulations.
Detector Simulation
The ν e candidate events in ISMRAN can be selected by studying the time correlation between the prompt and delayed events. Using GEANT4, we have studied the capture time of the emitted neutron from IBD events in the To suppress the ambient and reactor related γ-ray and neutron background, a study of shielding material consisting of 10 cm of only Pb and Pb in combination with BP (both 10 cm thick) is studied in GEANT4 simulations. The study is performed with γ-rays, as primary particles in GEANT4, having different energies. Figure 7 shows that incident γ-energies below 2 MeV have a less than 2% of chance of exiting the only Pb shielding. Above 3 MeV, this percentage is almost constant at ∼2.5% up to 10 MeV. With Pb and BP shielding this percentage is even reduced below 2% for all energies of incident γ-rays. The slight dip in the distribution is due to the interplay of competing processes of Compton scattering and pair production for γ-ray energy loss mechanism in the medium at these energies. A similar study is also performed for the neutrons using a 10cm Pb and with various thickness of BP shielding in ISMRAN. It can be seen weight allowed by the average load bearing capacity of the floor at the experimental site.
Pulse processing electronics and data acquisition system
Due to the large number of readout channels for the signals from ISMRAN array, CAEN V1730 16 channel 500 MS/s frequency VME based waveform digitizers are used for pulse processing and data acquisition system. In this system, the discrimination, gate generation, charge integration, timing and coincidence of the PMT signals for each channel are processed by FPGAs. Optical communication and digitizing the waveforms on the board itself allows the data acquisition to be performed at ∼ 100MHz rate while the cumulative event rates with shielding are only ∼50kHz.
The signals from PMTs at both ends of a single bar are read in coincidence on two individual channels of the digitizer.
For the mini-ISMRAN, two digitizers, synchronized for timestamps, are used for the DAQ. The digitizers are programmed with the latest CAEN DPP PSD firmware version 4.11.139.6 which has been benchmarked using standard scintillators [33] . This firmware allows for discrimination of different radiations such as γ-rays, neutrons or alpha particles if their pulse profiles in the given scintillator volume are different. Due to the use of PS bars in ISMRAN experiment that have almost identical pulse profile for both γ-rays and neutrons, the PSD technique is not effective. But nonetheless, it is helpful in quantifying the reactor background with liquid scintillator detector where the pulse shape discrimination is possible. 
Characterization of plastic scintillator bars
In order to understand the energy and timing characteristics of each PS bar across ISMRAN, it is important to do a gain matching along with the energy and time calibrations of individual bars for uniform response across ISMRAN setup. The energy calibration for each PS bar is done using γ-rays from known radioactive sources such as 137 Cs, 22 Na and 60 Co in the laboratory. The radioactive source is placed on top of the PS bar and the spectra are recorded without any collimation of the emitted γ-rays. This method introduces additional spread in the timing and the position resolution of the PS bar. Figure 11 an effective attenuation length λ specific to the detector material and reflector configuration. However, by taking the geometric mean of the PMT signals from both ends of the PS bar corrects for the effect of light attenuation where optical propagation is well described by exponential function [34] . This is particularly effective if λ is sufficiently large as compared to the length of the detector, as is the case with EJ-200 scintillator detectors (λ ∼3.8 m) [35] . 
Reactor background measurements
Reducing the reactor related background is crucial for detection of the ν e candidate events. background in the reactor ON condition is attributed to the γ-ray coming from the thermal neutron capture on the surrounding material in the reactor and experimental hall. A detailed study of the γ-ray energy spectrum from neutron capture on different materials in the reactor hall can be found in reference [36] . Some of these γ-ray lines can be seen in our measurements from the BGO detector in reactor ON condition. 
Detector configurations Count
Rates (Hz) No Shielding (Single PS bar) ∼ 24,000 10 cm thick lead shield ∼ 2,000 10 cm thick lead + 10 cm thick B.P.
∼ 500 10 cm thick lead + 10 cm thick B.P. of BP. To reduce background rate further a condition on N bars = 2 hit within a time window < 40 ns is used for the event selection. As from the simulation studies it can be seen, that positron signal is mostly contained in two bars, the above event selection criteria provides an estimate of random rate in selecting prompt-like events in reactor ON condition. With this mentioned event selection criteria the background rate is reduced to ∼10Hz.
Apart from sum energy and N bars based event selection criteria to identify ν e candidate events, time difference between prompt and delayed events can also be used for distinguishing the correlated and uncorrelated component. to be commissioned soon and will be in data taking mode by end of the year.
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